Objective: We introduce a novel test that allows pictorial, nonverbal assessment of action understanding.
U nderstanding the actions of others is a fundamental human ability, yet its working mechanisms are still not completely understood. In this study we examine action understanding in terms of how people infer the meaning of goal-directed actions in daily life. We present a new test, the "Tomato and Tuna Test" (TTT), which emphasizes 2 aspects of action understanding that are often neglected in conventional paradigms: action goals and the sequential nature of actions.
As the defining feature of any intentional action, goals have the power to trigger complex action programs (Ach, 1910; Hommel and Nattkemper, 2011) . Particularly in functional imaging research, action tasks are often reduced to simple grasping movements, with no goal beyond reaching for an object (Gazzola and Keysers, 2009; Molnar-Szakacs et al, 2005; Van Overwalle and Baetens, 2009) . Such studies allow only very limited inferences to be drawn about people's ability to understand an action in its complete nature, that is, sequentially directed to an intended goal (Hommel and Nattkemper, 2011) .
In recent years, knowledge has been growing fast about the abilities to understand action goals as well as to infer other people's intentions, thanks in part to the discovery of a so-called "mirror neuron system" in monkeys and its analog in humans (Rizzolatti and Sinigaglia, 2010; Van Overwalle and Baetens, 2009) . With the common coding principle, Prinz (1997) proposed a possible working mechanism for action understanding. He claimed that the visual representation of an observed action is mapped onto the motor representation of that action, and that this mapping allows the observer to infer the intention of the agent (direct matching). As a neural correlate of direct matching, Rizzolatti et al (2001) proposed the hypothetical mirror neuron system. This view has been challenged and widely discussed critically, with others suggesting involvement of inferential, perceptual, and memory-based mechanisms in addition to simple matching (Decety and Gre`zes, 1999; Hickok, 2009; Kilner, 2011 ). Yet, brain regions supplied by the middle cerebral artery have consistently been identified as underlying the human ability to understand actions (Van Overwalle and Baetens, 2009) .
While imaging research has succeeded in identifying the neural correlates of action understanding in healthy young adults (Van Overwalle and Baetens, 2009 ), studies are sparse in patients with lesions in these regions. One reason for the small number of studies investigating deficits may be the lack of suitable tests. We see 2 major limitations with existing tests. The most incapacitating deficit caused by left hemisphere lesions is aphasia, which can pose serious obstacles for testing. Likewise, testing can be hindered by apraxia, which is also most often caused by left hemisphere lesions.
We therefore developed a new test for action understanding that patients can complete without needing to be able to read and speak. The test focuses on both action goals and the sequential, logical order in which actions must be performed to reach these goals. Our design for the TTT necessitated the creation and representation of hierarchically structured action plans (Jeannerod, 1994) . We devised a set of stimuli (see Figure 2 for an example) consisting of goal-directed actions of daily life, with the goals and the preceding actions depicted in separate images. The TTT, therefore, tackles participants' ability to represent mentally the correct temporal sequence of steps needed to reach an action goal.
Action understanding does not necessarily rely on the ability to describe the action verbally (Negri et al, 2007; Saygin et al, 2004) . Thus, action understanding (conceptual knowledge about an action) can dissociate from language understanding (lexical knowledge about an action) (Rumiati et al, 2010) .
There is further evidence that actions can be understood without retrieving lexical knowledge (eg, tipof-the-tongue phenomena), as thoroughly discussed by Tranel et al (2003) . But most existing action understanding tasks require intact language abilities. For example, Fiez and Tranel (1997) were the first to create a standardized set of tasks to investigate action understanding, with the aim of implementing tasks that did not specifically require lexical retrieval; however, all of Fiez and Tranel's tasks still drew strongly on language because participants were asked either to name or to rate action pictures on the basis of their properties (eg, "Which action would make the loudest noise?"). These stimuli cannot be used for patients who have severe language impairments.
In the study reported here, our aims were to test the sensitivity of the TTT in detecting possible action understanding deficits in patients with brain lesions in the areas believed to serve action understanding, and to compare the TTT to an existing test of action understanding, the Kissing and Dancing Test (KDT) (Bak and Hodges, 2003) . The KDT has been shown to be diagnostic for frontotemporal dementia (Bak and Hodges, 2003) and motor neuron disease (Bak and Hodges, 2004) .
Although both the TTT and the KDT investigate action understanding, they tap quite different aspects of actions. The KDT asks participants to find a match between 2 actions via the context in which they regularly occur, while the TTT explicitly focuses on the sequential nature of actions leading to a depicted goal.
We gave the TTT and the KDT to 3 groups of people. One group was patients with acquired permanent brain lesions, most caused by strokes affecting the middle cerebral artery. The territory of this artery comprises most of the regions thought to be part of the analog human mirror neuron system (Rizzolatti and Craighero, 2004) . Of our 11 patients, 7 had aphasia and 4 did not. Our 2 other study groups were controls: a group of older people, age-and education-matched to the patients, and a group of young people with a mean age in their mid-20s.
As we had developed the TTT to allow testing without any language confounds, our inclusion of patients with and without aphasia offered us the possibility of confirming that the TTT could be given successfully without participants needing to use language. Because language deficits should not influence test performance, we expected to find no differences in performance between our aphasic and nonaphasic patients.
METHODS

Participants
We studied a total of 37 patients and controls. We recruited the patients at the Rehabilitation Unit of the Ospedali Riuniti in Trieste, Italy. The hospital's neuropsychologist routinely evaluates the patients in this Unit. For our purposes, the crucial assessments were the Token Test from the Italian version of the Aachen Aphasia Test (Luzzatti et al, 1994) , to assess the patients' language understanding; the Trail Making Test Parts A and B (Tombaugh, 2004) , to control for deficits in attention; and the Object Decision subtest from the Visual Object and Space Perception Battery (Warrington and James, 1991) , to control for deficits in object recognition.
The neuropsychologist referred patients to us if they had undergone a neuropsychological evaluation within the past year (patients who had suffered their stroke >1 year earlier had returned to the neuropsychologist for a follow-up assessment) and if they met these inclusion criteria: age 50 to 85 years, at least 5 years of formal education, ability to understand test instructions after practice trials, and a history of a single cerebrovascular accident (either an ischemic or a hemorrhagic stroke), suffered at least 2 months earlier. The patients' handedness did not matter to the study.
A neuroradiologist who was blind to the study's hypotheses reviewed the patients' computed tomography scans to identify the lesioned areas and then drew them as regions of interest on the normalized Montreal Neurological Institute template using the program MRIcro (Rorden and Brett, 2000) . To avoid confounds caused by vision impairment, we excluded patients from the study if they had lesions to the posterior (occipital) regions.
Of the 11 patients who fulfilled all the study criteria, 7 had a neuropsychologically confirmed diagnosis of aphasia and 4 did not have aphasia. Tables 1 and 2 show the patients' demographic and neurologic profiles.
We recruited 2 groups of healthy controls through a participant database used regularly by researchers at the Scuola Internazionale Superiore di Studi Avanzati, Trieste. The "old" control group had 11 people who scored at least 24/30 (mean score 28.20; standard deviation [SD] 1.60) when they took the Mini-Mental State Examination (Folstein et al, 1975) during the experimental session. We then age-and education-matched these controls to our 11 patients. The "young" control group had 15 people with an average age of 24 years. Table 3 summarizes the patients' and controls' sex, age, and education.
All participants gave informed consent before starting the study. Data were collected in accordance with the ethical standards of the 1964 Declaration of Helsinki. The study protocol was approved by the Scuola Internazionale Superiore di Studi Avanzati Institutional Review Board.
Tests of Action Understanding KDT
We gave our participants 33 stimulus triplets from the 52-item KDT (Bak and Hodges, 2003) . This test was designed to measure conceptual knowledge for actions. Each stimulus triplet comprises a presented action, a target action, and a distractor. Appendix 1 lists the KDT stimulus triplets that we used in our study.
The KDT is printed in a small paper booklet that is shown to the participants. In each trial, participants look at a set of 3 action drawings. At the top center of each triplet is a framed drawing of a presented action. In the example in Figure 1 , the presented action is a hand writing with a fountain pen. Aligned horizontally beneath the framed presented action are 2 drawings, a target action (here, a hand typing) and a distractor (a hand stirring with a spoon in a teacup). Sometimes the target drawing is on the left, and sometimes on the right. Participants are asked to point at the drawing that most closely matches the presented action.
TTT
As described, we developed the TTT to study action understanding by asking participants to infer the preceding action from the action goal. The reverse order of this task-first the goal, then the action-presents a higher level of difficulty than the KDT, might require more frontal involvement, and might reveal more subtle deficits.
Unlike the KDT, the TTT is computerized. Like the KDT, the TTT uses images of stimulus triplets. Each triplet comprises an action goal, a target (a preceding action), and a distractor. Appendix 2 shows the 26 TTT 2, 3, 6, 19, 20, 21, 22, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47; subcortical 10 months stimulus triplets. We called our test the "Tomato and Tuna Test" after 2 of the triplets. The test stimuli can be obtained freely at http:// www.amorydanek.de.
We took color photographs of the sets of actions and arrayed each set similarly to the KDT. In the TTT, the centered top photograph shows the accomplished goal of an action. In the TTT, the goal photograph appears first by itself. Then it is paired with the other 2 photographs. In the example in Figure 2 , the accomplished goal is a house built out of playing cards. Of the 2 photographs beneath, the target depicts the correct preceding action (building the card house) and the distractor depicts an inapplicable action (distributing cards for playing). As with the KDT, sometimes the target is on the left, and sometimes on the right.
Notably, in contrast to the KDT, the TTT goal photograph never shows the effector of the action (here, the hand) or the action itself, only the final result of the action; however, the 2 action pictures show 1 or 2 hands performing the action.
We had pilot tested the TTT on 8 healthy volunteers, who completed the task and then rated the stimuli good or bad for comprehensibility and commented on their clarity. We replaced 5 of the original triplets that the volunteers found ambiguous.
Procedures
We gave the 2 action understanding tests in 1 session: first the TTT and then the KDT. After the KDT, we gave the "old" controls the Mini-Mental State Examination (Folstein et al, 1975) to measure their general cognitive function; if they scored below 24/30, we excluded them from the analysis. For all the controls, the entire testing session lasted half an hour; for patients, about 1 hour.
TTT Procedure
The experimenter told each participant (the following text is translated from the Italian original):
The experiment will start with a picture that shows the final goal of an action. Please look at it carefully. Then two more pictures will appear. Please try to choose the picture that shows the correct preceding action, the one that comes before the goal. Press the left button if the correct picture is on the left side and the right button for the right side. Before we start, we will practice together. If you have any questions, please ask me now.
All participants were given 4 practice trials, the first 1 on paper and then 3 on the computer. Once they understood the procedure, the experimenter started the real test.
The 26 stimulus triplets were presented on the computer, in random order to prevent sequence effects. At the start of each trial, only the action goal picture appeared on the screen; 5 seconds later, the distractor and the target pictures were added. Participants had to choose between the distractor and target by pressing either the left or the right button on the keyboard. After they responded, the next action goal picture appeared.
We used Presentation Version 11.0 software ( r 2013 Neurobehavioral Systems Inc, Albany, CA) to present the stimuli and to collect participants' responses and reaction times.
KDT Procedure
After the TTT, the experimenter told the participants the instructions for the KDT:
Here are three pictures. Please decide which one of the two at the bottom goes with the one at the top. Please point at the correct picture.
After 3 practice trials, the 33 picture triplets were presented in the small booklet. The experimenter wrote down the responses but did not record reaction times.
On both tests, participants responded manually, either by pressing a button or by pointing.
Statistical Design
Our dependent variables were reaction times and accuracy, measured in percentage of errors. Data were normally distributed (Kolmogorov-Smirnov test) and, hence, analyzed mainly with parametric tests using the statistical package SPSS 13.0 (International Business Machines, Armonk, NY). We set significance at P < 0.05 and all P-values were Greenhouse-Geisser corrected.
RESULTS
Group Analysis
In both the TTT and the KDT, the young controls performed faster and more accurately than the older, matched controls, who, in turn, performed faster and more accurately than the patients (Table 4) .
Our 1-factor, univariate analysis of variance, conducted separately for each dependent variable, showed significant overall effects among the 3 test groups for all the dependent variables: for the variable TTT errors: F 2,34 = 33.78, P < 0.01, Z 2 partial = 0.67; for the variable Because variances were heterogeneous and sample sizes unequal, we used the Games-Howell post hoc test for further analysis (Table 5 ). The KDT did not distinguish between our patients and the matched controls. On the TTT, the matched controls made significantly fewer errors than the patients (P < 0.01), but did not respond significantly faster. Not surprisingly, the young controls were significantly faster and more accurate than the patients on both tests (all P-values <0.05). However, neither the KDT nor the TTT could distinguish between the matched and young controls. Figure 3 compares all the groups' performance on both tests. Table 6 lists the patients' individual results for the TTT and KDT. We defined as "impaired" any error score above a cutoff that we calculated by adding 2 SDs to the mean error score of the age-matched controls. We determined that an impaired TTT error score was >22.1% and that 8 of our 11 patients exceeded it. An impaired KDT score was >15.2% and 3 of our 11 patients exceeded it. We used the same calculation to determine an impaired TTT reaction time of >14.6 seconds; no patient exceeded it.
Influence of Age and Education
We then analyzed only the data of the patients and their matched controls, to check for influences of age and education by correlating them with performance measures. On the TTT, age correlated significantly with reaction times (Pearson r = 0.46, P < 0.05), but not with accuracy. The older the participants were, the more time they needed for the task.
On both tests, education correlated negatively with the number of errors. For the TTT: r = À 0.52, P < 0.05; for the KDT: r = À 0.46, P < 0.05. Although a higher education was associated with fewer errors, education did not influence TTT reaction times. As expected, when we added the young control group to this analysis, we found that age and education correlated highly with both reaction times and error rates on the 2 tests.
Influence of Language Impairment
We compared the 7 patients who had aphasia with the 4 patients who did not have aphasia. On average, the patients with aphasia made 26.2% errors on the TTT versus 23.5% in the patients without aphasia. Notably, the patients with aphasia made 13.9% errors on the KDT versus 16.7% in those without aphasia. TTT mean reaction times were 7.8 seconds in those with aphasia versus 7.5 seconds in those without aphasia.
Comparing the patients with and without aphasia using t tests for independent samples yielded no significant differences for either errors or reaction times. This finding confirms our assumption that both the TTT and the KDT measure action understanding without relying on language abilities.
Comparison Between the TTT and KDT
As the TTT is a novel test, we compared it with the KDT, which has already been in use as a measure of action understanding. Comparing the error rates of the normal controls (we could not compare reaction times because we had collected them only for the TTT) using a t test for paired samples, we found that the TTT was significantly more difficult (mean error rate = 5.65%, SD = 5.92) than the KDT (mean error rate = 3.15%, SD = 4.06) with t 25 = 2.4, P < 0.05. These results did not change when we added patient data. We interpret this difference as resulting from the higher demands of the TTT on action understanding, taking into account the sequential structure and goal orientation of actions-considerations that are not needed to solve items on the KDT.
Analysis of the TTT Stimuli
As the TTT is a new test, we analyzed the stimuli themselves. We sorted the 26 stimulus triplets by dis- tractor dimension and by whether or not the distractor photograph showed the use of a tool.
There were 2 categories of distractor dimensions. First, we had created "continuation distractors" from a continuation of the action sequence after the depicted goal had been achieved. For example, if the goal was a freshly baked cake, then cutting the cake with a knife would be a continuation distractor. Second, we had created "inapplicable distractors," actions unrelated to the goal. For example, if the goal was a glass filled with juice, then putting a flower into the glass would be an inapplicable distractor. Of our 26 stimulus triplets, 10 had continuation distractors and 16 had inapplicable distractors. Note that none of our distractors showed an unusual or inappropriate manipulation of an object, such as using a napkin as a hat.
Likewise, there were 2 categories for tool use: whether or not the distractor photograph showed the use of a tool. The term "tool" is to be understood in a broad sense, as any object used in some way to manipulate the target object. Of our 26 stimulus triplets, 16 distractor photographs showed tool use and 10 did not.
Appendix 3 lists all the TTT stimuli and their distractor and tool categories.
Paired t tests confirmed that our participants' error rates and reaction times did not differ significantly between the 2 distractor dimensions. This was true even when the 3 test groups-patients, matched controls, and young controls-were analyzed separately.
Interestingly, analyzing the tool use category yielded significant performance differences, but only in the patient group. The patients were significantly less accurate in responding to "tool use" stimuli (mean error rate = 30.8% of all tool use stimuli) than "no tool use" stimuli (mean error rate = 16.4%), with t 10 = 2.73, P < 0.05. The patients did not show a difference between the 2 types of stimuli for reaction times. While the patients exhibited a bias toward making more errors for stimuli involving tools, the matched and young controls showed a balanced performance for stimuli with and without tools.
DISCUSSION
We have designed a new test of action understanding, the TTT, targeted at assessing patients' ability to infer action goals from photographs. To test the TTT's reliability, we compared it to the KDT, another measure of action understanding.
Only the TTT distinguished between a sample of 11 brain-damaged patients and an age-matched control group. On the TTT, the patients had mean error rates of 25%, compared to 8% for the matched controls. The KDT was significantly easier, with mean error rates of 15% for the patients and 5% for the matched controls.
The TTT differs from the KDT in the need to represent an action sequence. In contrast to the KDT, the TTT requires participants to infer the preceding action from a picture of the accomplished goal of an action. We believe that the main difficulty of our new task lies in its reversed order, presenting the goal first and asking for the preceding action. To answer correctly, participants must mentally activate the complete sequence of steps in which the action is usually performed. Furthermore, the goal picture does not show any hands or tools performing the last step in the sequence, but only the accomplished goal itself.
For future studies, we could create a "re-reversed" version of the TTT that shows the correct temporal sequence by presenting the target and distractor first, and then the action goal. We expect that such a new version of the TTT would be less difficult because it would require less working memory and no sequencing. Our present study replicates work by Fazio et al (2009) , who found that patients with frontal aphasia had deficits in their ability to sequence pictures depicting human actions (Zanini et al, 2002) . The TTT detected action understanding deficits in patients most of whose lesions were in brain areas that belong to the hypothetical mirror neuron system, but a systematic lesion analysis, including working memory areas (Wager and Smith, 2003) , would be needed to allow further conclusions.
Furthermore, we had aimed to develop a test that would allow assessing action understanding completely nonverbally. Because both the TTT and the KDT turned out to be feasible for patients with impaired language comprehension, we further corroborated findings by Negri et al (2007) , indicating that action understanding does not require the use of verbal labels. After a few practice trials, our patients could understand and follow the test instructions. We found no performance differences between our aphasic and nonaphasic patients. We take this as evidence that language impairments do not corrupt test performance. We propose that both the TTT and the KDT are nonverbal measures of action understanding that are well suited for patients with language impairments.
A stimulus-based analysis of the TTT revealed that our patients were specifically impaired in solving the task if the stimulus triplet showed a tool acting on the object. Actions involving the use of tools seem to be more difficult to understand, perhaps because the picture includes a second object. Also, to understand the action, participants must analyze the interaction between the object and the tool, and must check whether the tool is being handled correctly.
Unlike error rates, TTT reaction times did not differ significantly between the patients and their matched controls. We cannot exclude slight motor impairments in the matched controls as a possible explanation. In particular, having some controls with motor impairments could explain the high variance in the matched control group (M = 5.3 seconds, SD = 4.66 seconds). However, the finding that the young controls were not significantly faster than the matched controls argues against that interpretation.
In summary, we introduced the TTT as a novel measure of action understanding, emphasizing goals and the sequential nature of actions. This study shows the power of this test to unearth subtle action understanding deficits in a sample of brain-damaged patients when the deficits were not revealed by another, concurrently administered test. However, our sample does not allow a general recommendation of the TTT over the KDT, given that the tests' underlying concepts and aims differ. We were able to show that our task does not require intact language understanding; therefore, patients with aphasia can be tested without any language confounds. The TTT's high sensitivity and nonverbal design could make it a very useful test for future research. 
